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Cambridge, Massachusetts, 
June 5, 1946. 


Professor George ¥. Swett, 

Secretary of the Feoulty, 
Massachusetts Institute of Technology, 
77 Massachusetts Avenue, 

Cambridge, Massachusetts. 

Dear Professor Swett: 

Herewith I submit my thesis entitled, "Investigation 
ef Air Flow Near a Mech Number of One, by the Sehilieren 
Method” in partial fulfillment of the requirements for the 
@egree of Master of Selence in Aeronautical Engineering at 


the Massachusettea Institute of Teehnology. 


Respectfully, 


Nout) Wd. W 


David W. Watkine, J 
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It is with pleasure that I acknowledge my indebtedness 
to Professor J. H. Neenan, who suggested the thesis problem 
and the possible iines of attack, and helped me constantly 
through conference on the many difficulties I encountered. 
ur. 2. P, Neumann also gave freely of his time ené offered 
many valuable suggestions, especially in comnection with the 
investigation of the boumcary layer. Mr. A. H. Shapiro sug- 
gested an explanetion of the multiple shocks observed. Mr. 
F. aeeawrege explained the use of the Sehlieren equipment, 
and helpeé with collateral reading. Professor 3. BE. Bégerton 
lent his high speed movie equipment, explained its use, and 
aided me in the development of the film. YWr. Charles Wyeeffr 
gave many ceys of his time operating the movie equipment. 

The personnel of the Boston Naval Shipyard permitted free use 
ef their photographic laborstory ané helped me with printing 
the pictures. 
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| The problem investizeted was the manner of dissipation 
of shocks in air flowing through a nozzle. The shooks ob- 
serveé were Oblique siocks. They were formed by decreasing 
the back pressure on the nozzle exit by means of an ejector. 
The mouth of the nozzle was cpen to laboratory air. The 
pack pressure was incressed after the shocks were formed by 
closing the valve between the nozzle exit end the ejector, 
causing dissipation of the shocks. The phenomena were ob- 
served by means of a high speed movie camera. The results 
indicated that the sheeks formed diasipated in the throat 
of the nozzle. They were never observec upstream from the 


throat. 








cothectees® We camer el) ame be veg teeevet eviseng eft 
~<69 Giecwe eco) -olepoe «© Gumtree paleal= le «2 etocds be 
ptterseres of cate? ours eel .2orees axplion eser herve 
hee ae TD ceeee @ Cite elaece off oh eveeewen Pode als 
e6t the meeeetedel  oeue sor olecee of) te afeet 067 
W Geen) eter roe of) Tel le Ant ewer see eeueem HOeF 
~~. ee comereile co Oe aciirote Al te woldegdends quiowe 
ativers ot Joon shree fevers dat © Yo seme of Sorte 
awowit sor ai Getwolwnld hems! efeade wo) dee fr sentient 
ed? ort eesti Mevieee teerve oper eT. niveoe odr Ts 
«Sernes 























in a Sehileren study of two ¢imensional ejectors, Nr. 
¥. Lustwerk noted the appearance of a sharp fronted @is- 
turbance in the subsonic secondary streanx under certain 
eonditions. It was desired to know how long the secondary 
etream eoule support this disturbance and the manner of ita 
dissipation. 

It was cGecided to simplify the problem by remeving the 
primery stream from the ejector; that is, to investigate 
the digsipsation of s shock in a two dimensional nozzle. 
This was dome te reduce the number of variables inveived, 
so that some results could be obtained in the allotted time. 

To attack this problem, it was decided to set up a con- 
vergent-divergent nozzle which was supplied -by opening the 
routh of the nozzle toc the atmosphere, to keep entering tur- 
bulemce as low as poesible, end to supply the necessary 
controlled presaure drop by means of an ejector and suitable 
valves. ‘Then the phenomena related to the éissipetion of 
the shocks formed in ths nozzle could be obseryed through a 
Schlieren optical system and recorded on a photographie 
medium. <A few single flesh pictures were taken to ascertain 
that there were Cynemic offects to be observed. Then high 
speed movies were taken of these effects. 
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The major piece of equipment used in this investigation 
was @ double pass Schlieren optical system. Fig. 1 isa 
sksteoh of this apparatus, and « more complete desoription 
and diseusefon of it ia given in the Appendix. 

fhe nozzle used was a convergent-¢irergent two dimen- 
sional nozzle meade of mild steel, with slase end walls. The 
nogzie was one-half inch wide and for a distence of one-half 
inch was parallel to the longitudinal exis of the nozzle. 
The entry to the throst consisted of the arce of two cirsles 
of six ineh radii, and extended about three and one-half 
inchen along the longitudinal axia. (See Fig. 2.) The édi- 
yergent portion of the nozzle consisted of two plenes placed 
at a four degree slicpe away from the longitudinal axis. The 
eorner between the throat section and the divergent section 
was carefully blended to destroy the sharp oorner. Fig. 3 
is a drawing of the frame used to mount the test section. 
Fig. & is a sketeh of the nozzle assembly as it wae used. 
The glass walls of the nozzle were made of high grade optical 
glass, and the surfaces were ground optically flat and parallel. 

To take the pictures shown in the results, @ standard 


 *Kagerton type”, high Speed, thirty-five millimeter movie 


camera wes used with an air gap spark substitated for the 
Baégerton flaeh tube @s a light souree. The Appendix fully de- 
seribes this apperetus ané Pig. 5 is a sehematio wiring diagran 
of the light fource. 
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The film used was iast@en Lodak Company's "Super YX", 
developed for maximun contrast in the sume Company's stan- 
dard developer "D-11" for sixteen minutes. For further 
discussion of the photography methods see the Appendix. 

The required. preseure difference across the nozzle 
was Obteined by reducing the downstream pressure from et- 
eosphere by means of an ejeetor. 

The flow ef air was from atmosphere, through the test 
section, suitable piping, ea butterfly vaive, a silencer, 
and a globe valve to tke secondary stream of the ejector. 

in taking a high speed series of pictures, the follow- 
ing prececure was used. The preasure éifference across the 
nozzle was adjusted by uee of the globe valve, until a shock 
wes observed in the aperture of the camera. The general il- 
lumination in the leberatory wes switehed off, and the camera 
was started. The butterfly valve, whick wae spring loaded 
to the wide open pesition, was minually clowe®. RFRext, it was 
allowed to open fuliy. This valve cyole wes repeated two er 
three times during the exposure cf a hundred feet of fila. 
The film speed through the camera averaged ebout fifty feet 
per second. This mace the time interval between exposures 
about one five-hundredth of a second. The exposure tine of 


each exporure was abscut five mieroseconds, 
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RESULTS. 


The results sre presented as pictures in Figs. 6 through 
32. They are selected series of enlargements made from one 
of the hun¢red foot lengths of exvosures mude in the high 
speed canora, The whoie length contains about twelve hundred 
exposures, many of whieh would be of no iluterest. in select- 
ing the pictures to be presentec, an attempt was made to ge~ 
lect those demonstrating most clearly the phenomena ceeurring 
in the fewest number of exposures. Since time was an element 
of interest in the lavestigation, the continuity of each series 
was maintained; that is, within each series, the pictures pre~ 
sented follow each other in sequence, with a time interval 
between pictures of ene five~hundrecth of «a second. The poun-~ 
dary leyer group of pictures are an exeeption to this in that 
they were of necessity meade on another strip of film and were 
isolated selections and not e continuous series. 

Fies. 6 through 13 ere one series. This series éenon- 
strates the nature of the multiple shocks at a presmre ratio 
somewhat below criticel, and are from a section of the film 
in whieh no change was ocourring in the back presenre. They 
show clearly the cecillations of the shocks oceurring in the 
"steady state” condition. 

Figs. 14 through 18 show the manner of dissipation of 
the shocks with increasing pressure ratio. 

Figs. 19 through 27 show the menner of formation of the 
shock with deereasing pressure ratio. 
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Figs. 28 through 32 are the pictures of the boundary 
layer, selected to show variations in pressure retio from 
below aritical to one. 

It should be noted that no attempts have been made to 
obtain quantitative results because _ resulte, using a 
double pass Schlieren optical system, are extremely ciffi- 
cult to obtain. 

The disturbance which may be noted on one side of the 
nozZle throet of all pictures was caused by a small niek in 
the corner of the nezzle half. This niek was about .O1 
inches deep by .01 inches across and about one-eighth of an 
inch long. 
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As can be seen in Fig. 6, the change from supersonic 
flow in the throat to subsonic flow downstream of the threat 
oceurreé through ea multiple sheck. Taking Fig. 10 as an 
6xample, and considering the occurences in the direction of 
flow: the velocity increases through the throat section. 
Just behind the throat, a region of compression occurs which 
is thicker in the center of the flow area and decreases to a 
point before reaching the nozzle boundary, thus indicating 
the presence of a bountery layer. The downstream side of 
this region is flat. Next downstream is a region of expan- 
sion which appears to be a miwor image of the compression 
region. At the centerline, the expansion region gredes into 
another compresgion. Away from the centerline and between 
the first expansion ané the following compression, lies a 
wedge shaped constant flow region. Following the second scom- 
pression the above deseribed phenomena appear cyelicaily. 

It appears that other photographs contain the same type 
of compression-expansion waves though not so symmetrically 
earrangec, anc the outer ends of the upstream side of the 
compressions are seldom so clearly bent downstream from the 
eenterline of the nozzle. 

Figs. 14 through 18 show the Giesipation of these 
shecks. They move into the throat and weaken in intensity. 


They were never observed upstream of the throet section. 
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This would indicate that the subsonic etream will net sup- 
port this type of shock over any considerable distanes, if 
at all. | 

Sines other shocks have been ebserved in a subsonic 
stream, ans was mentioned in the Introduction, the question 
of the mechanism of the sheake observed becomes paramount. 
Two attaeks ara possible; one is to start with the hypo- 
thesis that the compression shock forms itself in midstrean. 
Then by obeerving closely Figs. 28 through 32, whieh are 
photcsraphs of the boundary leyer, slight waves in the boun- 
dary layer can be detected. The key to the nature of the 


shocks lies in the relation of these wayee te the shecks, 





ronsidering the beundery layer as a region of constant pres~ 
sure, the reflection of the compresaion shock is a "Pranéti- 
Meyer oxpansion wedge", As has been noted, an expansion 
exists after the compression shock. Then the next conpression- 
expansion series follows sinee supersonic flow may exist out 
of the first expansion. This proecees is repeated until finally 
subsonie flow is attained from the last expansion wedge. There 
is no apparent relation between one shock (compression and ex- 
pansion) and the cycle following it. 

The weakness in this explanation ilies in the aAypothe- 
sizeé€ compression shocks which must start in midstream. 

If, on the other hand, consideration is first teken of 
the boun@ery layer, whieh is evidently rather thick, then 
the following explanation may be made. Slight variations in 
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the thickness of the boundary layer caused by local osell~ 
lations in velocity and pressure such az have been found 

on investigating the boundary layer of a flat plate (Ref. 3) 
lead to the conclusion thet a convex boundary layer surface 
may exist. If it ia further assumed that the flow in the 
streem attempts to follow thers fluctuations in the boundary 
layer thickness, then the situation as described in kef. & 
exists. That is, the flew along a curved boundary is con- 
tinuous as long as the redii vectors drawn at Machs angles 
from eny point on the boundary de not intereect. When the 
boundary reaches a sufficient degree of eonoavity, the radii 
vectors do intersect and 2 region of discontinuous fiow re- 
sults. The compression wave thus formed would ocour slightiy 
downstream of the coneavity in the boundary layer which 
caused it, thus causing a region of higher pressure at ea 
point where the tendency of the boundary layer is to expand. 
To equalize the presaure, the boundary layer contracts caus- 
ing an expansion of the free stream greater than the nozzle 
walla indicate. The turning of the free stream ecnuses a 
further depression of the boundary layer which is attempting 
to expand with the decreasing pressure gradient. As the 
stream ‘is deflected from the boundary leyer a conearity ia 
the boundary layer cccurs ceusing the following compression 
shoek amé another cycie of the above mechanism, and so on 
until subsonic flow results. 
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in either explanation posed above, each of the mul- 
tiple shocks would be oblique, not a plane coupresston 
shock, and the exit veloeity of the stream may be either 
eupersonic or subsonic. In the first explanation posed 
above, a shock similar to the "hypothesized" shock has 
been observed in Schlieren pictures of flow around an air- 
foil taken at the Guggenheim Laboratory at California In- 
atitute of Technology. This shock generelly glants up~ 
stream from the boundary layer and does not lie along a 
streight line. In the second explanation above, essuming 
the mean surface of the boundary layer is parallel to the 
nozzle wells, fhe shoek must slant downetream from the 
boundary layer, though not necessarily along e straight 
line. However, if the mean surface of the boundary layer 
diverges enough from the nozzie walls, then the shock 
might well slant upstream from the boundary layer. The 
results of this investication show no conclusive evidence 
that the shoeke bend in either direction. Also, there is 
no aceurate correlation between any one shook and the boun- 
dary layer edjoining it. Henee, no definite conelusion can 
be reached as to the relation between the waves in the 
boundary iayer and the multiple shocks, except that they 
both exiet at the condition of maximum flow through the 
nozzle. 

The ¢issipation of these shooks, as may be cbserved 
in Figs. 14 through 18, ocours as a weakening of the com- 
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pression region and a movement upstream into the throat 

of the nozzle. <Apparently the cause of the shocks must 
move upstream end its intensity must decrease. Since the 
velocity of the free stream decreases, any cause of the 
ehoeks lying in the free streum might be expeeted to more 
upstream, but once this motion bes startec, it would be ex-~ 
pected that the motion of the cause of the shocks would not 
stop at the throat or any Other particuler point. 

On the ether hand, if the position of the cause of the 
shocks is a function of the ratio of the mean beundsry layer 
velocity to the mean free stresm velocity, the shocks could 
ecnceivably more to a point where this function is again 
satisfied. 

With supersonic flow it is diffieult to visualize how a 
shock caused by free streem disturbances can Go anything but 
move Cownstream at a velocity equal to the cifference between 
the looal sonic velocity and the velocity of the free stream. 
Figs. © through 13 shew, however, that a compression wave 
may be traced from one figure to the next and that the motion 
of individual shocks may be traced going cownstrwse, then 
reversing and moving upstream. The rate of chenge of this 
motion is about two hundred cycles per seconi. ‘The region 
ef this oscillation is from the downstream side of the throat 


section to about one throat diameter downstream ef this point. 
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It is rather easy to visualize this eendition when 
the upstream variation in the thickness of the boundary 
hes a motion of the seme frequency. As described tin 
Ref. kh, this cacillation of boundary layer velocity end 
pressure eotualiy exists on a flat piate in a subsonic 
Stream and hence may be supposed to oeeur on the surface 
of the nozzle in a supersonic stream. 

It was noted that when the shock was not toe far 
downstream of the throat, but was in existenee, e swishing 
sound could be heard issuing from the nozzle. As the baek 
pressure was decreased anc the shock moved further down~ 
etream, the sound cecraesed in frecuency and inteneity un- 
til it eould not be heard. 

It was further noted thet with the maximum presstre 
aifference obtainable across the nozzle the nature of the 
shoek changed slowly with time. When the full pressure 
drop was attained by opening the valves controlling the 


flow through the nozzlé, the shock appearing on the screen 


appeared similar to that shown in Figs. 26 and 27. After 
about ferty-five seconds to a minute, this sheek would heve 
disappeared and in its place could be seen the multiple 
ehocks similar to Pig. 8 ané uevaliy well downstream of the 
threat. The nature of this slow change was not observed. 
If the flow wes instantaneously interrupted, the single 
shoek of Fig. 27 would again appear. 
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Prefessor Keenan has Guggestsd that this mey be a 
temperature effeot. The stream being cooler than the 
surroundings woulé in time ceol the walla of the nozzle 
and the stream itself would increuse in velocity due to 
the heat absorbed by the stream. As the walls of the 
nozzle ceoled, less heat would be tranamitted to the 
stream, thus decreasing the veiocity, and hence the strength 
of the shock, permitting the multiple shocks to form. 

As can be cleerly seen in Jigs. 25, 26 and 27, a eon-~ 
Gensation shock was observed. This sheek was annoying in 
that it blanked cut seme pictures that might otherwise 
heve been of interest. however, ite position in relation 
ta the throat remained fairly constant anc mis generally 
downstream of the multiple oblique shocks when the pressure 
ratio across the nozzle was near eritical. It is mentioned 
by way of explanation of the darkened region towards the 
nozzle exit. It is not felt that tnis condensation shock 
had any marked effects on the results. A more complete éis- 
cussion of condensation shoeks may be found in Bef. 7. 

The results presenteé are far from conelusive as toa 
the manner of dissipetion of the shocks, es to the nature 
of the shocks themselves, and aste the relation between 
the boundary layer enf the shocks. It would have been in- 
teresting, had time permitted, to find the relation between 
the boundary layer end tne shecks. This ecoulc have been 
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done vy taking a run similar to those made with an angie 
of forty-five degrees between the nozzle axis and the 

Schlieren knife edge. Correlation of such a set of pie- 
tures with those obtained eouléd heve been much more in- 


formative than the results obtained. 
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1. The oblique shock observed in this investigation 
diswipates very quickly or never exists in a subdsonie 
Stream, 

2. The results indicate that there ia a close cor- 
relation between the boundary layer and the oblique shocks 
existing. 

3 The nolse issuing from the mouth of the nozzle, 
at pressure ratios alightly velow critical, is caused by 
oscillation of the sheck in “steady state”. 

4. The eondensetion shock presente no problem in 
this type of investigation since it cecurs éownstrean of 
the effects observed. 

5, Two distinct types of dynamic change csour unter 
the eonditions investigated; namely, a high speed oscilla- 
tion of the multiple shoeks, am@ a relatively slow change 
from &@ plane compression shoek to the multiple shocks. 
Both effeets oocur with no change in the pressure ratio 


aeross the nozzle. 
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A quantitative Sehlieren investigation of the rela- 
tion between the boundary layer and the shocks ina 
supersonic stream might lend much light en the formation 
and disaipation shocks. 
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FIGS. 6 to 14. 
SERIES l. 


TAKEN MAY 9, 1946, AT 3 P.M., AT M.I.T. 

PRESSURE RATIO, NOZZLE EXIT TO ENTRANCE, CONSTANT 
ENTRANCE PRESSURE, ATMOSPHERIC 

TIME INTERVAL BETWEEN PICTURES, ONE FIVE HUNDREDTH SECONDS 
EXPOSURE TIME, FIVE MICROSECONDS 














FIG. 10. 














FIG. 12. 





FIG. 13% 





FIGS, 14 to 19, 


SERIES 2. 
TAKEN MAY 9, 1946, AT 3 P.M., AT M.I.T. 
PRESSURE RATIO, NOZZLE FXIT TO ENTRANCE, INCREASING 


ENTRANCE PRESSURE, »TMOSPHERIGC 
TIME INTERVAL BETVEEN PICTURES, ONE FIVE HUNDREDTH SECONDS 
EXPOSURE TIMP, FIVE MICROGECONDS 








FIG, 15. 














FIGS. 19 to 26. 
SERIES 3. 


TAKEN - 9, 1946, AT 3 P.M., AT M.I.T. 

RESSURE RATIO, NOZZLE SXIT TO ENTRANCE, DECREASING 

crea See PEEISUHE, a TMOSPHERIC 

TIME INTERVAL BETWREN PICTURES, ONE FIVE HUNDREDTH SECONDS 
POSURE TIME, FIVE WICROSECONDS 
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FIG. 20, 


FIG. 21. 
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Vite 2h. 


Fice 25. 











FIG. 26. 











FIGS. 28 THROUGH 32. 





TAKEN MAY 12, 1946, AT 10 A.M., AT MuT.'. 

WSSURE RATIO, WOLZLE REIT TO ENTRANCE, INCREASING 
ENTRANCE PRES SY, A TMOSPEE AIC 
EXPOSURE TIME, FIV? UICROSECONDS 





Note: Fictures are not s@ ted by sonctent time 
interval but are selected to show typieal 
structures found. 
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. DISCULSIUN VP APPARATUS. 


THE SCHLIEREN SCULYMEST 

Tne Sehlieren optical method was used to observe the 
phenomena investigated. The system useé is sketched in 
Fig. 1. It consists essentially of a light source, a amali 
plane mirrer, a spherical concave mirror with e twenty-four 
foot focal length, a knife edge, a screen of ground glass, 
cr photographic film, a system of scorreeted convex lenses, 
end the model to be cbserved. 

Referring to Fig. 1, light is collected from the source 
FA", by the condensing lens "B", and focused on the small 
piene axirror "C". The point of focus is a point on the side 
of the plane mirror nearest the optical axig.of the bench. 
A portion of the image of the source is allowed to pass 
between the mirror ané the optical axis. This ineures a 
Sharp edge on the image cast back to the knife edge and per- 
mits accurate sensitivity adjustments. The light from the 
plane mirror is then cast through the test section on to the 
eoneave mirror "DD". Thenee the light is reflected back 
through the test section to the knife edge "E". 

The knife sce is in the same plane as the plane mirrer. 
This plane is located at one half the focal length of the 
wuilrror away from it, as Geasured along the optical axis. The 
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knife edge is parallel to the edge of the mirror nearest 
the optical axis, so thet light passing the knife edge ap- 
pears as a sharply defined rectangular slit. The sconédens- 
ing lens "F" collects the light and the lens "6" focuses 
the light so that the test section is defined on the screen. 

-aA decreasing density gradient toward the knife-edge 
side of the test section (downstream) causes a deflection 
ef the rays passing through the test section away from the 
knife edge. An increasing preasure gradient in this direc- 
tion refracts the light towaré the knife edge. Thus, a 
Gecressing density gradient in the direction of flow eppeers 
as ae lighter region and an inereasing one appears as a dark 
region, 

A rotating table was used to mount the light source, 
so that the apparatus would be lined up and cdjusted with e 
steady source; then pietures could be taken with the flash 
source by merely rotating the table. 

The sensitivity is adjusted by moving the knife edge 
into or out of the beam of light reflected by the cconeave 
mirror, by means cf a micrometer screw. Woving the knife 
edge into the beam increases the sensitivity. That is, 
smaller refractions of the light are hblaeked out on the view- 
ing sereen by the knife edge. 

A complete discussion of the adjustments to the apparatus 
may be found in references (1) or (2). 
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THE GLAS) MULL) PALLS 

The glass usec cn the sides of the nozzle ned a large 
effect on the results optained. First tried, was selected 
plate glass. This glass was high quality plate glass se- 
leeted by means of an interferometer for flatness and 
peraileliam of the pianes. Selected points in each piece 
weed were exemined and at mo place was a curvatere of 
greater than thirty seconde of are observed. However, when 
piaeed on the test section and observed through the eppar- 
atus, the effects of the glass were smaller but of the sane 
oréer of magnitude as the compression shock whick was under 
investigation. See Fig. A, appendix I. Therefore, it was 
necessery to obtain two optically flat pleces of gless from 
whieh no glass effects could be observed througn this ap- 
paratus, ‘See Fig. ié. 

Clamping stresses were avoided by Loiding the glass Ia 
place with eceliulose tape. Pressure stresses were small 
because pressure cifferences were smell, of the crder of 
seven pounds per squere inch, ana the areas affected were 
emal). The thickness of the glass used to obtain the final 
results totaled ohe inch, that is, each piece wes one-half 
ineh thick. 

THE HIGH SPEED MOVIPF CAMERA 

To obtain a series of pictures with a short time inter- 

val between pictures, a thirty-five millimeter, high speed 
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camera was used, The cemera consisted of two reele, one 
for unexposed film, ent the other for winding the exposed 
film, ané a sprocket. guide wheel, all enessed in a light 
tight box fitted with an exposure aperture. A motor drove 
the exposed film reel, and the sprocket wheel, turned by 
tension in the film from the exposed film reel, turned a 
ecomutetor which setuated the light source. Frames were 
separated by the flashing light source, The camera and 
light source were capeble of taking pictures at any rate of 
speed up to twelve hundred framer per second, the speed be- 
ing controlled by = governor on the driving motor. Timing 
of the speed was effected by a sixty cycles per second spark 
at the edge of the film, leaving e blackeneé ares on the 
edge of the film for each sixtieth of a second of time elapsed. 


| LIGHT SOURCES 
The steady light @curce vonsiaied of e filament elec- 
trie lamp. : 

Several typea of flashing sources were used, For the 
trial single plotures an “Bédeerton Flash Tube" wes used. 
This consists of a spark gap in an inert gas. The spark 
is corded, that is, it ia made to pass through a glass tube 
of about one eighth ineb ingaide diameter. The spark was 
about one and one-half inches long. (Ref. (2)). 

For the high speed series of pictures the sume type of 
tube was tried and found unsucsessful beeaure the spark was 
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not corded into a narrow enough region. This motion of 
the spark caused the light te the plane mirror at times 
to be all on the mirror so that no definition of the edge 
of the mirror sould be detected at the knife edge, hence 
losing control of the sensitivity adjustment, and at 
times to be completely cff the plane mirror so that no 
light passed through the remainder of the system. 

fin an effort to reduce the wandering of the spark 
an air spark gap was tried, with ne attempt made to corm 
the spark, but wan¢ering of the spark materially reduced 
by reducing the length of the alr gap to about one-quarter 
of an inch. This seheme was satisfactory but net excellent, 
since some variation in the denaity of the frames could be 
observed. 

The mechanism for predusing the spark is aketched 
diagremmatically in Fig. 5. An impulse frem the commtator 
permitted the thyratfon to pass current which in turn al-. 
lowed the 0.16 microfarad condenser to discharge. This 
caused current to commences flowing in the primary of the 
spark coil whiek inéuced a voltage in the secondary. This 
voltage in the seoondary was enough to "fire" the meroury 
tube aad cause a breakdown across the air gap. Once tke 
mercury tube commenced to pass electrons, the main dis- 
charge oondenser, discharged across the air gap and through 
the mereury tube. The 1500 ohm resistor prevented firing of 
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the air gap once the main discharge condenser had dis- 
charged, but permitted this cendenser to build up in 
voltage when no current was flowing through the air gap 
eireuit. Tas rectifying nature of the mereury tube pre- 
ventecé a secondsry spark from forming due to any induct- 
ance that prebably existed in the actual sein diecharge 
eireult. | 
PHOTOGRAPRIC TECHNIQUE 

It was found thet the effielency of the spark was 
materially reduced as to its effact on photographie plate 
when the spark was allowed to discharge through air rather 
than through an inert mas. Henee, in order to keep the ex- 
posure time short, it was found necessary to use the fastest 
obtainabie movie film. It was not considered expedient to 
hypersensitize slower film éue to the uncertainties involved, 
ané the possible striations in the photographio film speed. 
The film used wes Eastman Kodak Company's "Super XxX", 

In the development of the film it was found that maxi- 
Sus contrast eould be obtained by chemloally forging the 
film very slightly. This merely ensured full development 
‘of all light struck portions of the exposed fiim. In order 
to @o this the commercial developer “f-l1" profuced by Eastman 
Kodak Company was used and a developing time of sixteen min-~- 
utes was used. The tempereture of the developer was naintained 
as nearly at 68 degrees *. as possible to prevent excessive 
grain size in the noretive. 
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HEAT STRIATIONS 

Heated wires were placed across the notzle entrance 
parallel to the opticsi avie, in en effort to follor stream- 
lines in the flow through the nozzle. However, these were 
found to disrupt the flow considerably and at meximum flow 
it waa not feasiale to he@t the wires enctgh to follow the 
streamlines through the throat. It was feared that toe 
much heat applied locally near the siasa walle of the negzle 
might break them. In obtaining the final reswlte thie schere 
was abandoned. 


AMTTOTOEB AFFICTIMG SDNULTS 

Lt w@e found that reletively emell movements of the 
Aight souree in a lateral cairection caused shifts in the 
image which varied the fensitivity from "dark field" to 
no sensitivity at all. Movements of the order of a sixteenth 
of an juch from the @®ean Were all that were necessary to 
provide this change in the position of the image relative to 
the knife efge. It was further found that motion of the 
light souree of the same order of menitude slong the optical 
axis gave the mame effect on the viewing screen due to motion 
of the focal point of the concave mirror reletive to the knife 
edges. 

It wae found that when the giags walls of the test eec- 
tion were perpendicular to the optical axis reflections from 
the surfaces of the gless threw stray light into the sereen 
that was not tolerable. Henee, all pictures are taken with 
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an angle of about four degrees between the optieal axis anéd 
@ perpendicular to the plane of the glase walls of the test 
section. 

The interval between frames was taken at about one five- 
hundredth of a second because the spark source was more de~ 
pendable at this slow speed, and becauge some experimental 
shots taken at higher sreeds up to eleven hundred frames per 
second indicated that local movements of the shock occurred 
at mueh higher speeds. ‘The camera would only handle one 
hundred foot lengths of film and at higher speeds, after al- 
lowing for the camera to steady on the set speed, teo short 
a total time interval was left for the s@nuel operation of 
the butterfly valve. It was theught that the sudden closure 
ofthe valve by automatic means might inject air inertia prob- 
lems into an already complicated one. Therefore, the high 
speed series of pictures taken are not continuous; that is, 
when shown through eae moving pieture camera they do not show 
the movement of the multiple shoeks relative to eaeh other in 
a smooth continuous motion. 

The negatives of the resulta have not been cut, 80 thet 
each rum remains intact as it was made. These negatives are 
presented with the original copy of this thesis to @.I.%. 
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